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ABSTRACT

(Pistributicn Limitation Statemeat Ho. 2)

r e N This study devises a means of reducing the maximum pressure at the counterweight
L muzzle of a Davis Gun without reducing the muzzle velocity of the primary
projectile. A new counterweight is designed, with constant srea ducts placed
longitudinally through the counterweight. & proper combination of duct lengths,
duct cross-sectional area, frictional resistance, and the number ol ducts,
allows the right mass of propelling gas to flow through the cowmterweight, so
that the pressure of the gas fore and aft of the counterwveight never reaches

the maximum allowable pressure at the muzzle, even when additional propellant

i8 placed ir the chamber to keep the primary projectile velocity constant.
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SECTLION 1

INTRODUCTION

1. HISTORY

The United States Alr Force is in the midst of a progsam to develop a
vecoilless leuncher system based on Davls Gun priuciples. The Davis Gun is a
recoilless system consisting of a smooth-~here tube with a c~bustion champer
midway in the length of the tube.* A propellant cartridge firad in this
chamber provides the energy required to laurch two projectiles of equal weight.
These projectiles are placed in the tube, one on each side of the cmbustion
chamber. When the propellant cartridge 1 fignited in the chamber, the result-
ant gises propel the projectiles in op, 2wite directions down the tube. This
creates the necessary time rate ot change of momentum balance to produce the

recoilless effect (figure 1).

The Davis Gun theory is not limited to projectiles sof equal weights. If
the weights atre unequal, the velccities change to maintain the balance. In
the Davig Gun considered in this study, one projectile is refsrred .o s the

counterweight, the other projectile is referred to as the primary projectile,

The weight ratio of primary projectile to counterweight is 1:2. To allow beth
masses to exit the tube muzzles at the same time, the stroke of the cova.ev-

weight is 1/3 the strcoke of the primary projectile (figure 1).

The specific environment in which the launcher must operate, coupled with
the purpose of the launcher (which is to accelerate the primary projectile to
a speclfic muzzle velocity), dictates tte design crireria of this version of
“he Davis Gun., One specific design recuirement, dictated by the environment,
is a maximum value of pressure at the muzzle from which the counterweight exits.
In the present system, the maximum value of mrzzle pressure, caused by the
propeliing gases behind the counterweight at the muzzle, is the design muzzle

cressure limit of 250 psi.** The purpose of this study is to Jdevise a means of

*Davis patented thils peincigle in 19} 7.

Ardvema,

Yerupevimental data acquired at (nodvear Aerospace Corporation, Fhoenix,
July 1968, and Kirtland A¥E, New Mexlco, June 1969

1
:
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reducing "his maximun muzile pressure without reducing the muzzle velocity of
the primary projectile, which {s 370 ft{sec, The proposed solution to the
problem « msists of designing a new counterwelight which allows some of the

propelling gas to escape through the weight as it 1s accelerated down the tube.

The solution of the preblem s presented in the following form: first, a
theoretical analysis of thermoadynsmlc principles is made to show that if con-
stant area ducts, opened &L each end, &re inserted into the counterweight, the
gas flow through this counterweight reduces the maximum pressure at the muzzle;
gecond, an expervimental test series consisting of a pumber of laun her firings
is made, employing the newly designed counterweight to verify the theoretical

work.,
2. DAVIS LAUNCHER ZPECIFICATIONS

The launch tube consists of a 90-inch-long main barrel and three end exten-
sions (10-inch, 20-inch, and 7-inch)., The inside diameter is 2 inches through-
out, with a l-inch wall thickness for the main barrel and a 1/2-inch wall
thickness for the end extensions. The main barrel and extensions are flanged
at each end. A circular tongue-and~groove arrangement on the mating surfaces
of the barrel and extcnsions ensures proper bore alignment and sealing (figure
2).

One cartridge assembly is screwed into the lrunch tube, perpendicular to
the bore circumference, 34 inches from rhe closest muzzle. The outer covering
of this cartridge assembly 1is a steel pipe, l-inch inside diameter and 3 inches
long. An Air Force ARD-446 bomb rack cartridge casing with igniter is placed
in the cartridge essembly. The inside dismeter of the steel pipe is machined
so that the cartridge is always scated in the same position. A firing pin
assembly 18 screwed down on the ARD~446 cartridge, the firing pin contacting
the cartridge igniter. The cartridge 1s filled with the proper weight of
propellant for a specific muzzle velocity, and is sealed with a plastic dis:

{{igure 3).

The present countervz2.ght is solid steel, center~drilled and threaded to
accept a 1/2~inch diameter aluminum rod and female clevis attachment. This
entire counterveight assembly weighe 12 pounds. The primary projectile is
solid stainless steel, center-drilled snd threaded to accept an aluminum rod
and mele clevis attachment. This clevis is mated in the tube and both preojec-

tiles are connected by a shear pin. This pin is designed to shear when the
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pressure in the chamber reaches 500 psi. Both projectiles then accelerate in
opposite directions.
A steel detent (acceleration stop)}, bolted to the tube extends between the

male and female portions of the clevis to keep the projectiles from moving

before firing. This acceleration stop in no way interferes with projectile

separation (figure 4).
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FIGURE I A
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VELOCITYg= /73 VELOCITY),

MGDIFIED DAVIS GUN
FIGURE I8

Figure 1. Davis and Modified Tav' lup

y
i




Und STABQ JVSN 293 jo suoysusmyg Y3Buar

*7 3andyy

AFWL-TR-70~15

LR RS Hbsens et RE S A




o et e . e

e ot AT A A

o Ao e il

AFWL-TR~-70-15
ELECTRICAL
CONNECTION
. iNSULATION
" FIBER WASHER
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SECTION 11

THEORY

The proposed Davis Gun System with a counterweight containing constant area
ducts resembles a reccilless rifle with the recoilless rifle nozzle analogous to
the counterweight. 1In the basic interior ballistic theory of reccilless rifles
developed by J. Corner and used by the United States Army in design ¢f recoil-
less rifles (Ref. 1), it is assumed that the gas resulting from burning propel-
lant originates in a large reservoir. This means that the conditions in the
reservoir do not change appreciably in the time required feor an element of gas
to pass through the nozzle. The flow then is said to be quasi-steady; that is,
it is assumed that the equations for steady flow apply at each Instant of time
and may be applied tc the nonsteady flow In the recoilless rifle. Corner also
assumes one-dimensional flow along the longitudinal axis of the nozzle. This
means that the condition of the gas is a function only of this one coordinate, 4
and is uniform across each normai cross section. Another assumption considered -
by Corner is adiabatic gas flow because of the short time from propellant
ignition to projectile muzzle exit. The above assumptions are considered ’

valid in the theoretical analysis of the Davis Gun System.

The energy equation for the ideal situation of adiabatic, one-dimensional,

steady flow of a perfect gas is

- 2
hy=h+V /2g J (1)

The continuity equation for constant area ducts is

|
i
i

m/A = pV = constant = G 2)

Equation (2) is solved for V. This expression for V is substituted into equa-
5] tion (1), the result is ?

= h + G%/2 ?
ho h + G+, ECJD

S
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i amepniegitg: 0




£ i o . 53 Ao T —

s i S ]
THERRS

SR A SR M

TELAE

T ATy et

R A

B TR ity

F
:

AFWL-TR-7C~15

Since the cross sectional area of the ducts through the counterweight is
small enough so that frictional effects cannot be neglected, the gas flow
through the ducts 1g irreversible. From this fact, the Second Law of Thermo~

dynamics gives

ds > 8Q/T (Irreversible)
Q~0 (Adiabatic)
ds > 0

The equation of state of the gas can be written in the form
h = h(s’p)
g = 8(P,p)

By taking the energy equation and the continuity equation, and the equation
of state, adiabatic, one-dimensional, steady flow of an ideal gas through con-

stant area ducts with friction 18 represented by a loci of states on an enthalpy-

entropy diagram.

Py CONSTANT
P, = CONSTANT

: P> B> Py

This loci of states is called a Fanno Line. From the equations above and basic
thermodynamic definitions, such as Mach number, friction factor, ratios of
important properties can be developed through algebraic manipulations and
differentiation (Ref. 2). These ratios consist of P/P*, V/V*, T/T*, p/p*,
Po/po*’ F/F*, as a function of the Mach number and the particular gas, where

the * values occur at Mach 1. From these ratios, the top portivm of the Fanno

Line reprceents M < 1; the bottom portion shows M > 1. Bocth subsonic and
supersonic flows have M = 1 as a itmit. These ratics are solved fer values of
k and M, and placed in tables, such as the Fanno Line Tables in Keenan and Kaye,

Gas_Tables (Ref. 3). In the computer program analysis, values from these tables

are used for 1 = 1.2,

PSS TEIA
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In this particular Davis Gun System, where the combustion chamber is a
reserveir (chamber pressure and temperature at stagnation), the gas entering
vhe duct in the counterweight is subsonic. Thus the subsonic portion of the
Fanno Line explains what happens to the gas as it flows down the duct; the
pressure decreases as the Mach number imcreases. The Mach number of the gas
at duct exit is contrnlled by the pressure just after the exit of the duct.

If che duct entrance in the counterweight is assumed a frictionless converging

nozzle, the following reference system is constructed:

C  DISTANCE ALONG DUCT

there is no flow chrough the duct. As PB decreases, the flow
rate and the pressure drops in the rczzle increase until the maximum pressure
drop and flow rate occur, when ME = 1, Fuither reductions in PB cannot produce
further increases in flow rate, because ME canncet become greater than 1. Thus
the flow pattern within the duct for condition d is identical with that for

conditicon c, and the flow is choked (Ref. 4).

In the analysis of Fannc Line Flow, a friction number, 4f Lmax/D’ is

developed corresponding to each Mach nunber, where

f = friction coefficient
D = diameter of the duct
Lmax = required length for the flow in the duct to reach M =1

By knowing the friction number of tha duct and MF = 1 at duct exit, the con-

ditions 2. duct exit are found by referring to the Fanno Line Tables, if the
entrance conditions are known.
In the present Davis Gun System, the pressure in the chamber reaches a

maximum of 1900 psi for a primary prejectile muzzie velocity of 370 ft/sec in

3 milliseconds, 1/10 the total time from propellant ignfition to projectile exit.

10
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Thus, while the chamber pressure is 1900 psi, PB is approximately ambient.

E™ 1 1is 10. PB would

have to increase to 200 psi before the flow becomes unchoked. Sometime during

From the Fanno Tables, a possible ratio of P0/PB for M

the counterweight travel, Py decreases enough, and PB increases enough for

ME < 1, but for the computer analysis chcked flow 1s assumed.

Because the muzzle pressure must never exceed 250 psi at anytime during the
launching, there is pot only interest in the pressure behind the counterweight,
but also in front of the counterweight. A. R. Shouman and J. L. Massey (Ref. 4)
developed compressible-gas equations, and verified these equatiouns experimentally,
assuming one-dimensional, adiabatic fiow for abrupt area changes. These equa-
tions are applied to the gas flowing from the counterweight ducts to the bore

area in front of the counterweight. If the reference sysiem balow is vsed,

)

FLOW —o

E"B

P; is known, and M} = 1; therefore, M; can be found from the following quad-
ratic equation:

1/2
1 - 2kC? + {1 - 2(K + 1) c2]/

2K2Cc2 - K + 1

where

o

[S]
.
=
s
+

|

S

x

4

3

la-]
kg
e
X
N
o
+
—
|
fu—
~ e
4
[ %)
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As stated in the conclusions of Shouman and Massey's paper, the average
pressure at the base of the abrupt area change cannot be determined analytically.
It is assumed in this particular case that PB is approximately equal to P,

because of the large area ratio, Ap/A;.

1. COMPUTER PROGRAM

The following is a reterence system of symbols for the computer program.,

\ X
W FO 7777777773 PB p2
A 1o | N
A\
\_Pi
Al
Constants:
AY Base area of primary proijectile 3.14 in?
AD Cross section area of one duct 0.060045 ft2
MY Mass of primary projectile 0.124 slug
MX Mass of counterweight 0.372 slug
K Ratio of specific heats 1.221
T Time interval 0.001 sec
VCL Initial chamber voluwne 15.7 in?
R Propellant gss constant 1932 ft-1bf/slug R!
Input Variables:
PC Maximum chamber pressure 1bf/in?
PO Chamber pressure 1bf/in?
AX Base area of counterweight in?
E PO/P1 for choked flow
D Number of ducts
MASS Iritial mass of propellant gas slug
ct PB/P1
TC Maximiam chamber temperature R
TO Chamber temperature R
AC A2/AL

PR

T e LN Pt bt . 2
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Calculiated Values

YA
D
YV
XA
XD
Xv
DMASS
MACH2
P2

Acceleration of primary projectile ft/sec”
Distance traveled by primary projectile ft
Velocity of primary projectile ft/sec
Acceleration of counterweight ft/sec?
Dis tance traveled by counterweight ft
Velocity of counterweight ft/sec
Mass of gas exiting ducts slug

Mach number of gas in front of the counterweight

Pressure of gas in front of the counterweight 1bf/1in?

The computer program begins with sn assumed msximum chamber pressure, PC,

and ambient pressure, PB, in {ront of the projectile. it is assumed that the

chamber pressure is constant over a millisecond, so that beth the primary

projectile and counterweight undergo a constant acceleration. Velocity and

distance

YA =
YD =
YV =
XA =
XD =
XV =

With

traveled are calculated over the time interval.

(AY x PO) My

5 xYAx T2 + YV x T + YD
(YA x T) + YV

(AX x (PO - PB))/MX

.5 x XA x T2 + XV x T+ XD

(XA x T) + XV

the total distance traveled by both projectiles known, a new volume

between the projectiles can be calculated.

VOL = 12 x (XD + ¥D) x AY + VOL

Starting with the continulty equation, the following rearrangements are

made:

K [ % S
bn  pva e B o EVA K ;_q_.l_.g\/g __P:M[“%;_Mz
ARE S5 VT, Y

=

If choked flow is assumed, the continuity equation is

(2vy T ——— .
IMASS = /5\/l§xrlplxu)xrxn
VR 2 o

No

e e N

PR

LT
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The foliowing relaticnship is known,

PO
P e e
Pl B

and substituting it into the DMASS equation, the continuity equation bacomes

DMASS = ‘/%_ \/;+ K;l PO x AD x T x D

.
E x /T

Assuning the reliationship between IO and PO is isentropic in the chamber, the

following equation results:

k-1 K43

Y K e
DMS:\/% /1+_.21ADxTxDxPc (PO)LK
E x v/'ﬁ:_

where TC is the initial temperature in the chamber.

The last DMASS equation calculates the mass of gas escaping through the
ducts over the time interval. With both the new chamber volume, and the mass
of the gas remaining in the chamber calculated, and the isentropic telationship

betweer TO and PO, a new PO is calculated for the next time interval by the
N

fcllowing equation:

b S

K

H b S8

E PO = J12 R x MAS (Kil')r(/.:‘f(- (1)
VOL x ®PC

Using the equations deveioped by Shouman and Massey, and assuming
PB/P1 = 0.75, the Mach number of che gas in front of the projectiie, MATH2, and
pressure, P2, can be «alculated for the interval, A new time interval then

begins, assuming the uwew PO calculated in equation (1).
2. COMPUTER ANALYSIS

In reviewing the input variables of the computer program, sowe input
variables are not independent, but depend on another input variablie. Actually,
three input varinbles exist. With Cl = PB/Pl = 0.75, and the sane mass of
propellant, MASS = 0.000684 slug, to be uses for the initial analysis, cnly

the maximum chamber p-essure, PO, the number of ducts, D, and tne ratio,

14
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E = PO/P1, sre variahles, If PC is assumed, TC iz known. If D is assumed,
AX and AC = A2/Al are fixed. E 1s a function of 4f Lmafo of the duct, the

true variable is f, which is a function of the material from which the duct is

made. The init 1 analysis shows the basic relation among these three variables.

3ince in the precent system a maximum chamber pressure cf 1900 psi produces
the primary projectile velocity of 370 ft/sec and the maximum muzzle pressure
of 250 psi, 1300 psi is assumed as the maximum chamber pressure. E = 5.25,
which corresponds to f = 0,02, i3 assumed, and the number of ducts is varied.
In the second series, D = 3 is assumed, and f is varied. The results of these

computer runs are shown in figures 5 and 6.

From this initial fnvestigation. the following cbcervations are made:

a. The maximum chamber pressure must be increased to obtain a primary

projectile muzzle velocity of 370 ft/sec.

b. The maximum pressure in front of the counterweight decrcases as the

friction coefficient increases and as the number of ducts decreases.

¢. In the present system, the projectiles exit in approximately 30 milli-
seconds from propellant ignition, and it takes the primary projectile 16 milli-
seconds to reach the maximum velocity in this new system, according to the
computer. If this is the case, there is no pressuvre behind the counterweight

at muzzle exit.

From the initial computer investigation, it becomes apparent that a maximum
chamber pressure must be found that causes a muzzle velocity of 370 ft/sec.
In the second investigation, D = &, E = 5,25, ra1d PO is increesed until the
primary projectile muzzle velocity ic greater waan 370 ft/sec.
Maximum chamber Primary muzzle

pressure velocity
(psi) (ft/sec)

2200 315
2600 359
2860 382

The question now becomes--What is the maximum pressure ir {romt of the
counterweight when the chamber pre ;ure is 2800 psi? From ti:z initial ~omputer
investigation, the meximum pressure in front orf the counterwveight dectreases
as the number of ducts decreases; therefore, only tws ducts are used in the

15
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-

following computer analysis. The coefficient of friction is varied to discover

the particular coefitfclents which keep the maximun pressure in froant of the

counterwveight below 250 nai. This computer analysis is presented in figures 7
and 8,

it appears that the coefficient of friction must be greater than 0.07 for

the maximum pressure in front of the counterweight to be less than 750 psi.

In summary, a counterweight with two ducts, and at least a friction coeffi-
cient of 0.07 (E = 8.75}, should reduce the maximm mur»ina . resgure below 250
psi, when enough propellent is added to obtain a maximum chawber pressure of

2800 psi. This should accelerate the primary projectile to at least a muzzle

velocity of 370 ft/sec.

16
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Figure 5. FEffect of Duct Variation on Muzzle Pressure
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Figure 6, Effect of Friction on Muzzle Pressure
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Figure 5. Friction Coefficient Comparison for PC = 2800 psi

20




L AT Y

ety e

i S IO B o

e

[E———

R T e

NIRRT SRS SR, DT T

AFWL~TR~70~15

SECTION III

EXPERIMENTATION

The purpose of the experimentation is to actually solve the problem of
maximum muzzle pressure by using the thecry and the computer analysis as guide-

lines,
1. TEST FACILITY AND INSTRUMENTATION

The test firings for the study were performed in an Air Force explosive-
test facility at Kirtland Air Force Base, New Mexico. In the facility, the
launch tube is suspended approximately 3 feet above the ficcr by two chains
from a support structure (figure 9). UWhen fired from the lamcher, the pro-
jectiles slan into catchers approximately 8 feet from the muzzles. These
catchers are old bomb nose-sections strapped to 4 trailer and weighted with
sandbags. The catchers consist of aluminum honeycomb, and lead and steel
plates. This system enables the same set of prolectiles tuv be used throughout

the test series (figure 10).

The necessary data reccrded for each firing consist of the primary projec-~
tile muzzle velocity, and time histories of the chamber pressure and counter-
weight muzzle pressure. The primary projectile muzzle velociiy is obtained
near the muzzle by recording the time it takes the projectile to travel 1 foot.
This is doune by attaching to the enl flange a rigid plastic suppo-t which holds
two pieces fo chalk in the path of the projectile. The first plece of chalk
is placed 4 inches from the muzzle. The second plece is placed 1 foot from the
first. A stripe of current-carrying paint ig applied lengthwise down and
across one base of each piece of chalk. Vhile in the plastic support, each
plece of chalk is connected in a separate electrical circuit with a battery
and time counter. When the projectile bresks the second chaik piece, after
1 foot of travel, the voltage drop stops the counter, and the time for 1 foot

of projectile travel is recorded (figure 11).

The chamber pressure and counterweight muzzle pressure are sensed by plezo-
electric crystal transducers, and are transmitted to a recorder which ftraces a
pressure magnitude versus time graph. Both tramnsducers are placed in the wall

of the launch tube with the muzzle transducer placed 4 inches from the muzzle
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(figures 12 and 13). Both transducer systems are calibrated by a hydro-

electric pump.
2, COUNTERWEIGHT DESIGN

The new counterweight is designed to obtain the largest value of 4f Lmax/D
with the materials available, and within the practical limits of the launcher
and instrumentation. The total stroke of the counterweight is 34 inches, and
the piacement of the muzzle pressure transducer is 30 inches from the beginning
of the stroke., The counterweight is 20 inches long, s¢ that the pressure of
the escaping gas can be sensed by the muzzle transducer before the counterweight
passes the transducer (figure 14), After the test series, a graphlcal integra-
tion of the . hamber pressure versus time trace is performed to show the relative
position of the counterweight with respect to the transducer at the time when
the muzzle pressure is first recorded. The smallest inside diameter tubes
available are 3/32 inch with an outside diameter of 3/16 inch. The counter-
weight is constructed with 48 of these tubes as constant area ducts. This is
donie by machining two end caps to accept these tubes, and by covering the tubes
with a steel cylinder, 2 inches 0.D. The steel cylinder that covers the tube
mates with the caps in such a way that the stainless steel tubes loosely fit
in the end caps so that on projectile impact the tubes will not buckle. The
rear end cap of the counterweight is center drilled to accept the female clevis
attachment This entire assembly weighed 12 pounds &fter lead had been added

between the tubes (figure 15).
3. ACTUAL TESTS

The first step in testing is to observe the effect of the number of ducts
on muzzle prescure and muzzle velocity, keeping the other parameters as they
are in the present system. The number of ducts is varied by placing 3/32-inch
shaft diameter rivits, 1/4-inch long, in the duct entrances. Tests at 48 ducts,
36 ducts, 24 ducts, 12 ducts, 6 ducts, and 3 ducts are performed. The results

are presented in figure 16, and in the following table form:

Maximum muzzle Maximum chamber
presgure pressure Muzzle velocity
Ducts o Spod) (psi) (itf{sec)

48 Not messirable €66 46

Not measurable 587 67
36 53 1066 149
24 110 1410 256
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Maximum muzzle Maximum chamber
pressure : pressure Muzzle velocity
Ducts (psi) (psi) (ft/sec)
12 181 1546 294
6 205 1786 340
203 1760 341
3 229 1866 348

From these results, both the muzzle velocity and muzzle pressure increase as
the number of ducts decrease, but nowhere does the muzzle velocity equal 370

ft/sec.

To decrease ' .ae muzzle pressure, the effective diameter of the ducts must
be reduced. The reduction increases the Fanno friction number, 4f Lmax/D’ and
hence, should reduce the muzzle pressure. The effective diameter reduction is
mechanically done by bending in half a 36-inch long, 1/8-inch diameter welding
rod, and placin each end inte a duct. The lcop formed behind the counter-
weight by the bent welding rod catches the acceleration stop {(detent). As the
counterweight moves down the tube away from the acceleration stop, the welding
rod is being pulled from the ducts. The rod is leng enough, so that when the
counterweight reaches the muzzle pressure transducer, the welding rod is still
in the ducts. Two tests are perfcrmed with this new modification, one with
six ducts, three bent rods; the other with two ducts, one bent rod. These

results follow:

Maximum muzzle Maximum chamber
pressure pressure Muzzle velocity
Ducts {psi) (psi) (ft/sec)
6MOD 160 1760 345
2MOD 181 1786 357

In these tests a considerable drcp in muzzle pressure is realized, but with
the muzzle velocity and maximum chamber pressure remaining constant. It
appears that the efficiency of propellant burmming is not affected by the

difference of six to two ducts with the modification.

The final step in the soluticn is to raise the muzzle velocity to at least
370 ft/sec, and ¢till! maintain less than 250 psi muzzle pressure. To raise
the muzzle velocity, more propellant is added to the cartridge. With two ducts
modified, 11 grams are burmed; with six ducts modified, 12 grams are bumed.

The results follow:
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Propel- Maximum muzzle Maximum chamber
lant pressure pressure Muzzle velocity
_(gm) Ducts (psi) (pei) (ft/sec)
11 ZM0oD 165 2266 380
154 2260 377
12 6MOD 206 - 388

On the last test, the chamber pressure system did not record. By use of the
modi fied duct system and propellant addition, the muzzle pressure is decreased

without decreasing muzzle velocity.

An analysis of the information gathered during the tests and a comparison
with the computer analysis are made to decide if the results are consistent

before recommendatione and conclusions are made about the system.

The muzzle and chamber pressure versus time traces are presented for the
test in which the modified counterweight with two ducts and 11 grams of propel-
lant are used. A graphical integration of the chamber pressure versus time

trace is performed to obtain the position of the counterweight when
a. The muzzle pressure is first measured,
b. The muzzle pressure is a maximum,
c. The transducer is covered by the projectile, and

d. The muzzle transducer begins to measure the pressure behind the

counterweight.

The mathematics of the graphical integration is in Appendix II; the results
are presented in figures 19 and 20 along with experimental pressure time traces
(figures 17 and 19).

In comparing the distance-time graph, and the muzzle and chamber pressure-

time trace, one observes

a. From the muzzle pressure-time trace, the maxi m muzzle pressure is
measured at 0.009 second after propellant ignition. From the distance-time
graph, while this maximm muzzle pressure is reccrded, the counterweight has
moved 6 inches; therefore, the maximum muzzle pressure is trent of the

counterweight.
b. From the distance-time trace, the muzzle transducer is covered by the

counterweight from 0.013 second to 0.025 second. From the muzzle pressure-time

trace during this interval, the muzzle pressure remains almost constant.
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c. From the distance~time trace, the muzzle transducer begins to measure
the pressure behind the coumterweight at 0.025 sezond, From the muzzle pressure-
time trace, this is about the time when the slope of the wmuzzle pressure curve

changes.

The second part of the investigation of the actu:'l tests is a comparison
of the computer analysis with the actual testa. In the firat test series,
where the laumcher was fired to observe the e¢ffect of the mmber nf ducts on
muzzle pr:serure and velocity, nc comparison is made because the tests actuaily

measured the efficiency of burning of the propellant In different initial

volumes; the computer program did not corsider propellant burning. The differ-

ent initial volumes are caused by a different number of ducts. In the rext

series of trsts, reducing the effective diameter of the duct increaced the
Fanno friction number, 4f Lmax/D’ and reduced the ruzzle pressure. This ij

principle is dictated by the theory develeoped in Section I[I.

In the next series of tests, adding propellant to obtain a higrer velocity
produced the actual solution. With two ducts modified and 11 grams of propel-
lant, a maximum chamber pressure of 2200 psi producad a primary velocity

~

- greater than 370 ft/sec and a muzzle pressure less than 250 psi. In the
computer analysis, the predicted solution would be a maximum chamber pressure
of 2800 psi, a muzzle pressure less than 250 psi, and a primary velocity
greater than 370 ft/sec, and a friction .oefficient of 0.07. To explain why
this occurs, another computer series is made with the maximum chamber pressure
of 2200 psi and 11 grams of propellant. The results of this computer analysis

and the actual results are compared on the same graphs (figures 21 and 22). 1%

The computer program shows the sensitivity of the design variables in
relation with other variables and the system. The computer program does not
nredict exactly the actual primary projectile muzzle velccity, and pressure
curves. It can be conjectured that one reason for this discrepancy is the

assumption in the computer program that the flow through the duct is always

choked. In the choked conditionz, M = 1 at duct exit and the maximum mass
flow through the ducts occurs for the particular changing chamber conditioms.

As it was mentioned in Section II, when the pressure in front of the counter-

ST

weight increasee enough, snd the chamber pressure decreases enough, M < 1, ana

the mass flow is not maximum. At any particular time when ™ < 1, the actual
f ' chamber pressure ig greater than predicted because less mass escapes from the

chamber rhan predicted by the computer.
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38




AFWL-~TR-70-15

SECTION IV

CONCLUSIORS AND RECOMMENDATIONS

it ran be conclnded that

a. Constant area ducts through the counterweight can reduce the maximum
pressure at the counterweight muzzle of the Davis Gun without reducing the
mizzle velouity of the priwmary projectile.

b, For e fived dunt length through the counterweight, the maximum pressure
at the courterwelight muzzle can be reduced by decreasing the effecrive area of

the duct and increasing the friction in the duct.

It is recommended that more work be done in correlating the computer
program with experimental data. The computer program might Le written to take

into account unchoked fiow.
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£J0B LEJANDOWSKT (KP=29,T[ME=]

RFAL MY, MX, K, MASS, MACH2,N
AY=1.14
PO=27200.0
PC=2200.0
MY=,.12¢4
YV=0.0
T=.001
YN=0.0
AX=3.13
MX=,372
PR=15.0
Xy=0.0
XD=0.0
vVOL=15.70
K=le22
R=1932.0
E=5.25

D=2.0
AD=.0000448
MASS=.000752

Cl=.75
T0=2180.0
AC=221.0
N=0.0
WRITE(6420)
20 FORMAT(1HI ,6H TIME 42X,144 CHAMBER PRES +2X,11lH FXIT PRES ,2X,11H
X BACK PRES ¢2Xs16H FXPANSION PRFS 42X,13H MACH NUMBER ,2X,104 PRI™
X VEL )
1 N=N+,001
IF(N.GTe 030) GO TD 100
YA= (AY*PD) /MY
YO=.S5%YAX(T%X%2 ,0)+YVXT+YD
YV=(YA%T)+YV
XA={AX®{PO-PR) ) /MX
XD=e SEXA®(T®%2,0)XVET+XD
XV=XA*T+XV
VOL=(XD+YD)I*(AY)*%]12.04VL
DMASS=(({(K/RI* (1 o0+ {(K-1e0)/2.0))1)%6 . S)*({D*ADKTR(PCER{(K-1.0)/2.
XO*¥K)) )}/ (E*TO®2eS5) ) ®(PO®kx{ (1.0¢K) /2.0%K)))
MASS=MASS-DMASS
P1=P0/E
PB8=C1%P1
PO={((12.0¢R®MASSETON /{(VOL)I®(PLRX({(K-1.0)/K)) })*%2K)
C={{1.0#({XK=1.0)7/72.0))%%,5)/((1.0¢K)*(PR/P1IZX(AC-1.0M)
MACH2=({(1e0=2+0%K¥(C*¥%2,0))=({(1e0=2.0%(K+1e0)*(Cx%2,0))*%.5))/(2,
XO®(K®%2 ,0)%{C¥%2,0)-K+]1.0)}%%.5
P2=((PL/(ACRMACH2 I ). (({1.0¢{{K=1,0)/2.0})/70Cle0#{{(K=1e0)/2.M))%(M
XACHZ2%%2.0)11))188,5))
WRITEL(64213NMoPOePlyPByP2yMACHZ,YV
21 FORMAT{ LHO s F 5. 398X eFS.0 110X sF4eDe3XsFL 010X sFS5aDyl1XyFAhhyBY,FhoD
X2
Ge 10 1
100 caLL EXIT
FND
SENTRY
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APFENDIX 11X
GRAPHICAL INTEGRATION
Gyaphical invegration of the chamber pressure—time trace gives a welocity-

time trace, and graphical integration of the velocity~time trac~ gives the

disrance~time trace dusired.

Graphical Integvation of the presaure-time trace:

Me) A= d/de {mV)

dv = Afm P(t) 4t
Vepb/m {Pt) dt
A/m = 3,14 x 32,2/1. = B.45

where
P{t) = the pressure as a function of time, psi
A = the base area of the counterweight, 1n?
m = the mase of the counterweight, slug
V = the velocity of the counterweight, ft/sec

t = time, gez

Time Pressure Velocity

Lsec) —lpst) {fr/sec)
0.00C-0.003 0-2200 28
0.003-0.006 2200-~1200 72
0.3506~-0.009 1200~ 800 98
$.009-0.012 800~ 300 112
0.012-0.03G 300- 0 135

Craphical integration of the velociiy—time trace:
S = Jv(t) dt

S @ the distance traveled by the counterweignt.

L3
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Ti{me Velocity Distance

(sec) (ft/sec) Ay
6. G00-0.003 028 0.51
0.003-0.026 2872 2.31
0.006-0.009 72-98 5. %0 !
¢.009-0,012 98-112 9.50
0.012-0.330 112-135 36,50
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11, SUPPLEMEN I n Y SSTES

1. ABYETRADY
(Distribution (mitation Statement No. 2)
‘This study devises a means of reducing the maximum pressure at the counterweight
TUZZ cf a Davig Turn without reducing the muzzle velocity of the primary projectile,
A new counterweight is designed, with constant ares ducts placed longitudinally
through the commrerwelghi. A [roper combinstion of duct length, duct cross-sectional
area, frictional resistance, and the number of ducts, aliows the right mass of
rropelling gas to flow ihrough the counterweight, so that the pressure of the gas tore
and aft of the counterweight never reaches the max{mum allowable pressure at the
muzzle, even when sadditional propellant is placed in the dh: sber to keep the primary
projectile velocl*y constant.
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